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Summary
Complex animals use a wide variety of adaptor proteins to
produce specialized sites of interaction between actin and
membranes. Plants do not have these protein families, yet
actin-membrane interactions within plant cells are critical
for the positioning of subcellular compartments, for coordi-
nating intercellular communication, and for membrane
deformation [1]. Novel factors are therefore likely to provide
interfaces at actin-membrane contacts in plants, but their
identity has remained obscure. Here we identify the plant-
specific Networked (NET) superfamily of actin-binding
proteins, members of which localize to the actin cytoskel-
eton and specify different membrane compartments. The
founding member of the NET superfamily, NET1A, is an-
chored at the plasma membrane and predominates at cell
junctions, the plasmodesmata. NET1A binds directly to actin
filaments via a novel actin-binding domain that defines a
superfamily of thirteen Arabidopsis proteins divided into
four distinct phylogenetic clades. Members of other clades
identify interactions at the tonoplast, nuclear membrane,
and pollen tube plasma membrane, emphasizing the role of
this superfamily in mediating actin-membrane interactions.Results and Discussion
Mammalian cytoskeletal proteins that can function as adap-
tors linking the actin cytoskeleton to membranes are absent
from plants. These include a-actinin, spectrin, filamin, and
the FERM-domain proteins. Moreover, rather than showing a
reduced variety of actin-membrane interactions, plant actin
filaments substitute for microtubules as themajor cytoskeletal
component for organelle and endomembrane trafficking [2–5].
However, the common requirement for actin-membrane asso-
ciations between the evolutionarily distinct metazoans and
land plants does suggest the existence of analogous (rather
than orthologous) proteins in plants.
To address this hypothesis, we isolated candidate proteins
by screening an Arabidopsis thaliana cDNA green fluorescent
protein (GFP)-fusion expression library. A. thaliana cDNAs
generated using a randomized primer (see Supplemental
Experimental Procedures available online) were cloned into a4These authors contributed equally to this work
*Correspondence: p.j.hussey@durham.ac.ukTobaccomosaic virus (TMV) GFP expression vector and trans-
formed transiently into the leaves of Nicotiana benthamiana.
Infected leaves were screened for targeted fusion products
(Figure 1A) [6]. A striking filamentous network was labeled by
a clone encoding 288 residues of the N terminus of an unchar-
acterized A. thaliana protein residing at locus At3g22790 (Fig-
ure 1A). We have named this protein Networked 1A (NET1A).
The NET1A1–288-GFP fusion recovered from the screen
was expressed in N. benthamiana leaves transformed using
Agrobacterium tumefaciens to identify the labeled filament
system (Figure 1B). The N. benthamiana/A. tumefaciens tran-
sient expression system provides a convenient facile method
for the expression of plant fluorescent fusion proteins [7, 8].
Actin-targeting drugs caused a loss of NET1A1–288-GFP
filaments, indicating that the integrity of the filamentous
pattern requires filamentous actin (F-actin). Treatment with
microtubule-depolymerizing drugs did not disrupt the
NET1A1–288-GFP network but did fragment microtubules in
control leaves transformed with a N. benthamiana kinesin
motor domain fused to GFP (KMD-GFP) (Figure 1B). Cotrans-
formation of NET1A1–288-RFP with the F-actin marker
GFP-FABD2 [9] confirmed that NET1A1–288 colocalizes with
microfilaments (Figure 1B).
Residues 10–85 of NET1A share 73% identity with the
N terminus of KIP1, a kinase-interacting protein cloned from
Petunia integrifolia [10]. This domain (pfam07765) was of
unknown function and is excluded from the minimal domain
found to interact with P. integrifolia kinase PRK1 [10]. We
hypothesized that this highly conserved region might repre-
sent an actin-association motif. In theN. benthamiana system,
NET1A1–94-GFP clearly labeledmicrofilaments (Figure 1B). The
equivalent domain of P. integrifolia KIP1 shared this capability
(Figure S1A; Table S1). The possibility of a direct interaction
between NET1A1–94 and actin filaments was tested in vitro
using purified actin and 6HIS-NET1A1–94. Ultracentrifugation
caused 6HIS-NET1A1–94 to cosediment in the presence of
F-actin, proving a direct association between NET1A and
microfilaments (Figure 1C). We have named this minimal
actin-binding region the NET actin-binding (NAB) domain.
The NAB domain represents a new actin-binding motif unique
to plants with no apparent primary sequence homology to
previously identified actin-binding domains.
The full-length NET1A cDNA encodes a protein of 1,728
residues. The NAB domain of NET1A encompasses only 5%
of the protein, with the remaining sequence predicted to adopt
a series of a-helical coiled coils. The full-length NET1A fused to
GFP-decorated N. benthamiana cortical actin filaments but
differed from NET1A1–288 by forming immobile filamentous
punctae in a ‘‘beads on a string’’ arrangement (Figure S1B).
Coexpression of RFP-Lifeact showed that these punctae
coaligned with F-actin cables (Figure S1B). To investigate
further the localization of full-length NET1A, we examined the
endogenous expression pattern of NET1A within A. thaliana.
The NET1A promoter, which drives expression of the GUS
reporter gene in stableA. thaliana transformants, showed tran-
scriptional activation within root meristems and faint activity
throughout the mature vasculature (Figure 2A). A. thaliana
plants transformed with NET1A-GFP under the endogenous
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Figure 1. The N Terminus of NET1A Binds to Actin Filaments
(A) Workflow describing the isolation of the N terminus of NET1A (NET1A1–288).
(B) NET1A1–288 fused to GFP associates with actin filaments in epidermal cells. NET1A1–288-GFP filaments are disrupted by anti-actin drugs cytochalasin D
(Cy.D) and latrunculin B (La.B), but not by the antimicrotubule drug amiprophosmethyl (APM). Kinesinmotor domain fused to GFP (KMD-GFP) demonstrates
disruption of microtubules with equivalent concentrations of APM. Colocalization of NET1A1–288-RFP with the actin marker GFP-FABD2 confirms associ-
ation with the actin cytoskeleton.
(C) Coomassie-stained PAGE gel showing cosedimentation of NET1A1–94with actin filaments. ‘‘S’’ denotes centrifugation supernatant samples; ‘‘P’’ denotes
pellet samples. The majority of NET1A1–94 recombinant protein remains in the supernatant in the absence of F-actin but accumulates in the pellet in the
presence of F-actin, showing direct binding of NET1A to actin filaments.
Scale bars represent 20 mm. See also Figure S1.
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1596NET1A promoter expressed theGFP fusion protein in the same
expression domain with fluorescence only detectable within
the root meristem. The fusion protein localized to the cell
cortex and showed polar enrichment at the apical and basal
cell boundaries (Figure 2A).
The polar cortical accumulation of the endogenous protein
in roots was confirmed using an anti-NET1A polyclonal anti-
body raised in mice (Figure S2A). Similar to the GFP fusion
protein, the antibody signal was detected only in the root meri-
stem and early elongation zone. The recombinant protein
antigen spannedNET1A residues 127–281, the first contiguous
section of NET1A with unique primary sequence identity. The
specificity of the NET1A polyclonal antibody was demon-
strated by immunofluorescence performed on T-DNA insertion
mutants of NET1A. Plants homozygous for two NET1Amutant
alleles (SALK081081/net1a-1 and SALK109591/net1a-2) show
no detectable transcription of NET1A downstream from the
T-DNA insertion sites (Figure S2B). Control T-DNA mutants
were selected from NET1B, which is the closest A. thaliana
homolog to NET1A. Plants homozygous for these alleles(SALK003809/net1b-1 and SALK142729/net1b-2) also show
disrupted transcripts (Figure S2B). Promoter-GUS transcrip-
tional fusions of NET1B indicated an overlapping expression
domain with NET1A (Figure S2C), suggesting coexpression
of the two NET1 isoforms. Plants homozygous for both a
NET1A and NET1Bmutant allele showed a significant acceler-
ation in root-cell expansion (Figure S2D). This is a synthetic
phenotype absent in the single mutants and supports the
hypothesis that these proteins are functionally redundant.
Immunofluorescence performed on the homozygous mutant
plants showed loss of signal from net1a-1 and net1a-2, but
not from net1b-1 and net1b-2 (Figure S2E). The antibody
raised to the N-terminal section of NET1A is therefore specific
to this protein. Moreover, the localization detected using
immunofluorescence closely concurs with the GFP fusion to
the C terminus.
Publicly available proteomic data show that NET1A-like
proteins copurify with plant plasma membrane and plasmo-
desmata preparations [11, 12]. Plasmodesmata are small
(50 nm) channels that bridge the walls between adjacent cells
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Figure 2. NET1A Localizes to the Plasma Membrane and Plasmodesmata
(A) The promoter of NET1A driving a GUS reporter gene shows a zone of NET1A expression in the root meristem and elongation zones of A. thaliana (left
panel). Roots transformedwith full-length NET1A-GFP driven by the endogenousNET1A promoter (pNET1A:NET1A-GFP) show fusion protein accumulating
at the plasmamembranewith enrichment on the apical and basalmembrane zones (center panel). The upper right panel is at highermagnification and shows
a punctate pattern of NET1A accumulation along the membrane zone (black arrows). The lower right panel shows an overexposure of the same cell. The
white arrow indicates punctate accumulation of NET1A along a small number of filaments within the cell.
(B) NET1A-GFP colocalizes with plasmodesmatal cell junctions labeled with aniline blue (AB). A histogram of pixel intensity along the pictured cell wall
shows coincidence of hot spots of GFP and AB (lower left panel). An xy scatter plot of pixel intensity for ten cells was used to calculate a Pearson correlation
coefficient of 0.86, indicating a strong positive correlation between AB and NET1A-GFP pixel intensity (n = 15,043 pixels; lower right panel).
(C) Transmission electron micrograph showing anti-NET1A-conjugated gold clustering around a plasmodesma junction within the NET1A root tip expres-
sion zone. The entrances to the canal are indicated with white arrows. Cytoplasm is labeled ‘‘Cy,’’ and the cell wall is labeled ‘‘W.’’ The right panel shows
a higher-magnification image of the labeled plasmodesma structure.
(D) Analysis of anti-NET1A gold distribution showing plasmamembrane and plasmodesmal enrichment. The distribution of 370 gold particles over 34.7 mm2
of sectioned tissue was scored for subcellular localization (see associated table at bottom). For comparison 1 (middle panel), the distribution of beads
between the cytoplasm and apoplast (colored gray) was compared to that of beads within 30 nm distance from the plasma membrane (colored green).
For comparison 2 (right panel), the distribution between the plasma membrane associated with plasmodesmata (red) was compared to that of nonplasmo-
desmal plasma membrane (green). For comparison 2, the plasmodesmal canal was excluded to avoid biasing the comparison by significantly raising the
relative amount of membrane per unit area. The p values shown were calculated using chi-square tests.
Scale bars represent 20 mm (A), 10 mm (B), and 200 nm (C). See also Figure S2.
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1597where the actin cytoskeleton, plasma membrane, and endo-
plasmic reticulum are brought into close proximity [13]. Colab-
eling of NET1A-GFP and plasmodesmata with aniline blue,
a stain for the callose collars of plasmodesmata [14], showed
that these domains overlap with very high coincidence (Pear-
son correlation coefficient = 0.86; Figure 2B). A. thaliana root
apices were subjected to high-pressure freeze substitution
followed by embedding in Lowicryl resin in preparation for
immunogold labeling with anti-NET1A. Tissue sections of
root apices showed an enrichment of gold at the plasmamembrane (p = 2.5 3 10294; Figures 2C and 2D) Moreover,
sites of plasmodesmata showed a significant enrichment
(approximately 4-fold; p = 4.02 3 10212) compared to
membrane zones where these intercellular membrane bridges
were not highlighted by uranyl acetate staining. When consid-
ering the properties of the isolated NAB domain, ectopic
expression of full-length NET1A and its endogenous localiza-
tion, we propose that NET1A is an adaptor protein with the
ability to associate with F-actin at the plasma membrane
and plasmodesmata.
Figure 3. The NAB Domain Defines a NET Superfamily
(A) The 13members of the A. thalianaNET family, showing relative positions
of the NAB domain (red) and predicted coiled-coil regions (dark green).
Zones of homology shared exclusively betweenmembers of each subfamily
are denoted by numbered and colored tiles.
(B) Representative images showing actin association of NAB domain GFP
fusions derived from the NET2, NET3, and NET4 subfamilies expressed in
N. benthamiana pavement epidermal cells. Scale bars represent 20 mm.
See also Figure S3 and Table S1.
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1598The isolation of NET1A initiated a wider search for plant
proteins that share primary sequence homology. The NAB
domain is found in a total of 13 sequences in the A. thaliana
proteome (Figure 3A), ranging in predicted size from 25 to
199 kDa. The proteins divide into four subfamilies defined by
NAB domain sequence comparison and structural organiza-
tion of the C termini and sequence length (Figure 3A). In each
case, the NAB domain resides at the N terminus with the re-
maining sequence containing stretches of predicted coiled
coils. The coiled-coil sequences are characteristic of each
subfamily. The division of the superfamily into four distinct
groups is consistent across the angiosperms (Figure S3A).
We tested the hypothesis that the NAB domain sequence of
each subclade associated with actin in vivo. As a negative
control, we used an outlier NAB domain-like sequence from
At1g48405 (Table S1). In common with NET1A and
P. integrifolia KIP1, the GFP fusions to A. thaliana NET2,
NET3, and NET4 NAB domains associated with F-actin in tran-
siently transformed N. benthamiana leaves (Figure 3B; Table
S1), further supporting the hypothesis that the NAB domain
primary sequence is diagnostic of an F-actin associationmotif.
To test whether this was also a direct interaction for the
diverged NAB domains, we purified a NET4 NAB domain as
a recombinant protein. Cosedimentation assays showed that
this domain also binds F-actin in vitro (Figures S3A and
S3B). The NET4 family is the only NET family common
throughout the genomes of tracheophytes, and nucleotide
database entries from more ancient plant clades do not
contain any sequences with NAB homology. The club moss
Selaginella moellendorffii [15] only has NET4-like NETsequences within its completed genome (Figure S3A). The
pattern of NET conservation and comparison of NAB domain
sequence similarity (Figure S3A) suggest that the NET4 NAB
motif is the closest extant form to the progenitor actin-binding
NAB domain of angiosperms.
Primary sequence homology between subfamilies is limited
to the NAB domain and does not extend into the coiled-coil
regions, suggesting functional diversification beyond a com-
mon actin-binding capability. We surveyed the A. thaliana
NET superfamily to assess potential functional diversity.
We cloned example members of each subclade from
A. thaliana as full-length open reading frames and fused
these to GFP under control of the native NET promoters.
NET2A-GFP is expressed specifically in pollen when fused
to the endogenous NET2A promoter. In growing A. thaliana
pollen tubes, NET2A-GFP forms submicron foci at the plasma
membrane, but these are noticeably absent from the plasma
membrane at the pollen tube tip (Figures 4 and S4; Movie S1).
NET2A foci are arranged in a pattern similar to NET1A,
resembling ‘‘beads on a string.’’ The filamentous arrange-
ments of punctae are also apparent in growing tobacco
pollen tubes transiently transformed with the same NET2A-
GFP construct (Figure S4). NAB domain primary sequence
homology and the presence of extensive coiled-coil domains
(Figures 3 and S3A) mean that the NET2 proteins share
closest similarity to the NET1 clade. Publicly available micro-
array expression data show that all four members of this
subfamily are expressed preferentially in the male gameto-
phyte. The NET2 subclade may therefore represent a
pollen-adapted NET subfamily with membrane specificity
that parallels the vegetative NET1 subfamily. However, no
membrane domains directly equivalent to the plasmodes-
mata of somatic tissue have been reported in pollen tubes
in vitro or between pollen tubes and the transmitting tract
in vivo. Specialization of a pollen-specific NET clade could
indicate interactions with pollen-specific ligands. This hypo-
thesis is supported by the interaction of the coiled-coil
region of KIP1 (the P. integrifolia NET2 protein) with
membrane-integrated pollen kinase PRK1. GFP fusions to
another binding partner of PRK1, oxysterol-binding protein-
related protein 1 (PiORP1), formed foci at the pollen tube
plasma membrane with a superficially similar distribution to
NET2A-GFP [16]. NET2 proteins may be compiled as compo-
nents of larger protein complexes of unknown function that
include membrane-integrated and peripheral membrane
proteins.
A. thaliana transformed with NET4A-GFP under its endoge-
nous promoter showed expression in the epidermis of the root
meristem and the early expansion zone. NET4A-GFP accumu-
lates at the membrane surrounding the tonoplast (Figure 4;
Movie S2). When tonoplast membranes were parallel to the
plane of imaging, NET4A-GFP was arranged into short fila-
ments and foci (Figure 4; Movie S2). Comparison of NAB
domain sequences suggests divergence between NET4
and the NET1/NET2 subclade (Figure S3A). Members of the
NET4 subfamily are also shorter than NET1 and NET2 iso-
forms, with coiled-coil regions approximately one-quarter of
the length of equivalent regions in NET1 sequences. Unlike
the NET2 subfamily, the expression domains of NET1A and
NET4A coincide, with the two divergent NET proteins labeling
distinct membrane compartments. This shows that sequence
divergence between these proteins encodes specific mem-
brane-targeting mechanisms. Interactions between the tono-
plast membrane and the cytoskeleton have been shown to
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Figure 4. NET Proteins Associate with
Membranes
Subcellular localization of GFP fusions to the
C terminus of NET2A, NET3A, and NET4A imaged
using laser scanning confocal microscopy. White
boxes indicate areas of higher magnification in
neighboring panels that show membrane and
filament-associated NET. From top to bottom:
NET2A panels (i–iv, single z planes) show plasma
membrane-associated NET2A-GFP expressed
using the endogenous NET2A promoter in
A. thaliana pollen tubes isolated from stable
transformants. NET4A panels (v, z projection;
vi and vii, single z planes) show vacuole
membrane-associated NET4A-GFP expressed
using the endogenous NET4A promoter in stable
transformant A. thaliana root epidermal cells.
NET3A panels (viii, z projection; ix–xi, single
z planes) show endoplasmic filaments and
nuclear membrane-associated NET3A-GFP ex-
pressed using the CaMV 35S promoter in stable
transformant BY-2 cell culture. Scale bars repre-
sent 20 mm, apart from NET2 panel iii, where the
scale bar represents 10 mm. See also Figure S4
and Movies S1, S2, and S3.
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1599be critical for the organization of the central vacuole [17], and
the recruitment of NET4A to this location suggests that novel
membrane-cytoskeletal adaptor complexes could be em-
ployed for this purpose.
The NET3 subfamily shows a further reduction in the length
of the coiled-coil C termini associated with NET proteins
(NET3A is only 16% of the primary sequence length of
NET1A). A GFP fusion to full-length NET3A driven by the
endogenous NET3A promoter did not generate detectable
fluorescence in A. thaliana. However, NET3A-GFP expression
under a CaMV 35S promoter in BY-2 tissue culture cells
showed that NET3A-GFP predominates at the nuclear
membrane (Figures 4 and S4). Filaments within the cytoplasm
were labeled, with brighter foci distributed on these filaments
and the nuclear membrane resembling the NET1A ‘‘beads on
a string’’ arrangement (Figure 4). In the absence of an endog-
enous NET3A-GFP expression domain, BY-2 cells trans-
formed with NET4A-GFP driven by the CaMV 35S promoter
were compared to BY-2 cells expressing NET3A-GFP. Similar
to A. thaliana, the BY-2 cells showed recruitment of NET4A to
the vacuole membrane in a pattern distinct from NET3A (Fig-
ure S4). The filamentous arrangement of NET4A in BY-2 cells
was less punctate than A. thaliana transformants (Figure S4),
possibly due to the relative efficiency of the CaMV 35S
promoter. These experiments show that NET2-, NET3-, and
NET4-GFP fusions are recruited to distinct membranes in
equivalent tissues. The diversity of sequences within thesuperfamily reflects a variety of
membrane targets to which the actin-
binding NAB domain is recruited.
NET1A is the founder member of
a small superfamily of proteins that inter-
facewith both the actin cytoskeleton and
cell membranes in higher plants. Anti-
bodies raised to NET1A and GFP fusions
to multiple NET isoforms show that NET
proteins form clusters arranged by
membrane identity and F-actin. Trans-
mission electron microscopy analysisshows that these NET1A clusters are associated intimately
with the plasma membrane. Confocal microscopy of GFP
fusions to members of the other three clades has revealed
a wide variety of membrane targets, indicating that the NET
proteins are engaged in multiple biological roles. NET proteins
are likely to associate with either integral or peripheral
membrane proteins that are enriched within specialized
membrane domains [18], although ligand identity could vary
widely between subfamilies. Association of NET2 protein
KIP1 with membrane-integrated receptor-like kinase PRK1
may prove to be an archetype for NET1/NET2-membrane
interactions, because a large number of receptor-like kinases
are also localized specifically to plasmodesmata [12]. Meta-
zoans recruit multiple varieties of actin-binding protein to
focal adhesions and junctional complexes. If this analogy
holds true for angiosperms, then characterization of NET-en-
riched domains will lead to the identification of further novel
cytoskeletal proteins. In any case, the NET proteins are likely
to be only one of several proteins located at plant membrane-
cytoskeletal interfaces. The group I family of plant formin
proteins (containing a pan-eukaryote actin interaction domain
coupled to a plant-specific membrane integration domain)
could act in a parallel mechanism to NET1 and NET2,
providing a relatively immobile interface stabilized by direct
contact with the cell wall [19]. The formin actin-binding
domain is a potent stimulator of actin dynamics and has
been hypothesized to be a major driver of tip-focused actin
Current Biology Vol 22 No 17
1600dynamics in pollen tubes [20]. It is interesting to note that
NET2A-GFP does not associate with this zone of the plasma
membrane and instead accumulates along the shank of
the pollen tube where less dynamic actin bundles provide
tracks for rapid cytoplasmic streaming. In addition to target
membrane identity, the specific conditions required for
cytoskeletal interaction in situ can be expected to vary
between subfamilies, because the diversity of C termini will
no doubt impact on the behavior of the NAB domain and its
response to stimuli. Further study is required to understand
the corollaries of the NAB-actin interaction in its appropriate
context, and whether this modifies behavior of the local actin
network.
Members of the NET superfamily can only be identified
within the genomes of tracheophytes, although the expression
patterns of these proteins encompass a wide variety of tissues
and are not restricted solely to the vasculature. The NET
proteins are absent from mosses and from more ancient
extant plant clades, and it is becoming clear that the bryo-
phytes and tracheophytes differ in the molecular mechanisms
that couple the actin cytoskeleton to cell growth. For instance,
genetic analysis of Physcomitrella patens has shown that
bryophyte cell expansion requires the Arp2/3 complex,
whereas angiosperms appear considerably more resilient to
equivalent genetic lesions [21]. It is necessary to consider
whether the evolution and deep diversification of actin-binding
proteins in angiosperms will place a limit on how broadly one
can apply knowledge from mosses and other ancient taxa to
higher land plants.
In summary, we have identified the NET superfamily of
proteins that potentially couples different membranes to the
actin cytoskeleton in plant cells, a discovery that comes over
40 years after the identification of the first mammalian actin-
membrane adaptor protein [22]. This superfamily expanded
in diversity in parallel with land-plant tissue complexity and
developed after themetazoans and plants split, approximately
one billion years ago.
Accession Numbers
The Arabidopsis Genome Initiative locus tags for NET genes 1A–1D are
At3g22790, At4g14760, At4g02710, and At1g03080, respectively. The locus
tags for NET genes 2A–2D are At1g58210, At1g09720, At5g10500, and
At2g22560, respectively. The locus tags for NET genes 3A–3C are
At1g03470, At4g03153, and At2g47920, respectively. The locus tags for
NET4A and NET4B are At5g58320 and At2g30500, respectively.
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Supplemental Information includes four figures, one table, Supplemental
Experimental Procedures, and three movies and can be found with this
article online at http://dx.doi.org/10.1016/j.cub.2012.06.041.
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